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the Government may haee formulated, furnished, or an any way supplied the ý,d drawing, spec-
ifications,or oth-.- data, is not to be regarded by implication or o .erowise as in any moner licens-
iag the ho.der or any other person or corporation, or conveying any rigts or permissi•on to
toanufacture, use, or sell an/ patented invention that moy it any way be related thereto.

The information fumished herewith is made available for study upon the understar."1.ng
that the Governmnent's proprietary interests in and relating thereto shall not be impaireii. It is
desired that the Judge Advocate (WCJ), Wright Air Development Center, Wrigh,-Patterson, Air
Fc4c, Base, Ohio, be promptly notified of any apparent conflict between the Gomrnment's pro.
prietary interesta sad those of others.

This document may not be reproduced or published in any form in whole )r pant with-
oat prior apprc-l of the Government. Since this is a progress report the informa.ton hereit is
tentative and subject to changes, corrections, and rsodificaticns.
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ABSTRACT

'1The cc-rosion-tlme eurve of the rstariium-8% man-
ganese alloy follows int;2tHly a power-furction lpw; a
linear law is followed in the later stages of corrosion.
Co.rosion rates, ignition sensitivity, and strrss corrosion

cracking o titanium alloys ASS, Ti10,T '0,T .

1. INTRCDUC1ON

but there w"a little work dane an the corrosion of allay& of Mosta...Nla of the coreasisa2 o. Ia

viewedl was concerned with coommercially pine i.tsaium. KLefer and lirsylt 'Cf. Rrf. 2) dA' someb work

on the sareas-corrmion cracki,,. of cor-mercially par- titanicm, amd Ti 140A (Cr, Fe, %ls alloy) wastI

breifly wentieced. There are, ot),er rilays of titanium. Ahch rlfi hee of intereot ;a aireraft and wiasic

-tplicatiosa because of ý .. o perties of fnhei.vtior of the ,wareia!. 1b. corrostion, Ignition

r,.sitiv~ty, sad amectac,:t rmcking sasceptibi~iy, of 6-ne of theese alloys after sterage in

fuwts. sitric acid rFNA Pt M studied. Cz5rmicxl aaol~.iea ot ike alloys stuiaed wre ishown in

"Nei fairm of the corosion-time curie r; 4f importaaer if an understanding of the corros~ion

zeweliasiw-, ahe gained. Thensatr. ofka c r. i-time curer 0 a materiall in a&gives eavimo

nmel at dr~i~lt tempoerature is also 'f .- ca-ten one wishe" to comspare co.-rosion rates of

ioa~er.els for long periede of alaraze w'l -i a crrýioa-tiae careof amater-ial isagi~ns toi-

esomon~t is linear, that is, the ea- 3iun raic ia consasat, then corrosion rates can be eumepolat-ol

with some expectation of accuracy. Ther ii;arie, danger is extrapolating corrosioa rates o.e" too

long a period of storage even whies the corrosion-time curver in linesr. however. theze is even greaer

posnihility for error in extrapolation if the corroion behavior of a material follows a power function

or an exponential corroaios-time curve. Phenomena which reduce the reliability of extrapolation ame
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pitting or intergeooolar corrosion altering the cross section of a isaterial in localized areas. These

factors woold rot be reflected in ordinary corrosion dats obtained by the conventional weight-Ions

method. For these reasons, it has been the gesr-al practice to coad act fairly long-tertn exposure

test* to ascertain the eiteot and nature of the corrosion. It is also best to expos~e the mtaterial to

the conosio , evironm~ent of greatcist practical interest foe the application at hand. Accordingly,
it)i-day-expsolmre teats of seseral titanium alloya were conducted at 30*C using FNA specification
hhil-N-7254A Type 111 (13% NO2 anod 2% H120).

IL. EXPERIMENTAL PROCEDURE

T-he datas for the conrosion-tiroc cane of the titaciutn-8% manganese alloy were ollained ,
tilie conventional mseight-loss method. The samples were supported on glass books end stored in

glass tabes about I inch in diameter with a geounnd tapered joint to which was fitted a stopcockm

with. a smasll"o ball-joint tube. I~nc lower rail of the 1-inch-diameter tithe was drawn out -. fitted

with a stoptock for drainage while a side arm tube was provided with a atopcock in orde. .o eva.-

nate the assembly. Similar, equipment was used for the storage testa in FNA of variouz esroposi.

tions and for the 30-day atorage testa.

Samples of ronenercially pore titanium and the alloy containiag 8% masgaaese were polished

on metallc~graphir polishing paper is a dry box under an argon atmosphere. Tb0 polishing was carriedI

to SOO~git-sine sabrsive paper. After polishing, the saamples; were cleaned with asolvent and weighied

is ar,,en-filled bottles. Afte" weighing, the samle were returned to the thy boxa Ai inserted inot the

storage apparatus; the FNA was added to the equipmenat while unader as, argon ctrmoaphere.

Ill. RESULTS

A. Coeraiun Tis.r Curron of Ti--8% M. Allay

Vaensm-streas-celieved and sandiblasted samples of titaninm-8% manganese alloy were ex-

posed to anhydrous FNA (20% NO,) for periods of time ranging from I to 163 bours at ambient teet-

peratare. The extent of corrosion was obisined in grams/cml and coaveried to mila by use of

suitable converaion units.

Poste 2
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The extent of cocror a-, was plotted against time on log-log coordinates to determine

whether or not the corrosion fullow-d any of the experimental corrosioz tdw. discussed by Evas -

(Cf. Ref. 3). In Fgure I it can be seen that the experimental points fall reasonably well on 4

straight line on log-log coordinutes during the initial period of co:rosion. For the period of 1 to
approxim~ately 30 hours it appeas• that the corrosion follows a power-fvanetion law of the fornm

w - Kit' (1)

where w . extent of corrosio" in mila. K, and a are constants characteristic of the corrosicn

environment, the temperature, and the metal invol'ed, and t - time in hours. Under the conditions
of this exper:ment aid in the above units, K, - 0.043 and s - 0.63.

During the period of time from 30 to 160 hours, the experimental data deviate from the

initial straight line on log-log coordinates as can be seen in Figure 1. When these dasta are plotted

on rectangular coorainates in Figure 2, it can be seen that the corrosion curve from npproximstely

30 to 160 hours follows a struight line indicating a curae of the form:

wt= K 2t (2)

The constant K 2 for the atreighi line portion of Figure 2 has the vanue 0.0125 milshr.

It is interesting to note that the initial stage of corrosion of the titansmi.-8% manganese

alloy follows a power-fnnction law similar to that of the commercially pure titanium. This behavior

iadicates that initially the corrosion reaction is diffusion-controlled. W1tu., ri•- film reaches a

critical thickness (i.e., in approximately 20 to 30 hours) the additional corrosion product no longer

presents an adherent Film to contact of the FNA with the metal surface. As discussed in the pre-

vious report (Cf. Ref. 4), it was stated that for a truly adherent film where the mechanism is diffu-

ston-controlled, the parsbhlic law yielding a tim, exponent of 0.5 should result. IHowever, for a

porous film with random cracks, the corrosion approximates the linear law. It would be reasonable

to conclude, therefore, that in the initial phase, the corrosion product is largely flawless and

adherent, hut that after about 30 hours, additional corrosion forms a loose or porous product

offering little corrosion resistance.

The aversge corrosion rates over a time interval I were computed from the corrosion-time

data by ditiding the extent of corrosion at that time by t. These data ore plotted on rectangular

coordinates it, Figure 3. If the cornsion in the later periods of time were truly !iear, then the

cate in Figure 3 from 30 to 160 hours should be a horizontal line. It can be seen that thin is not

quite true. There is a slight downward slope to the plot indicat:ng that additional corrosion in-

creases the resistance only zlighitl. The mean value of the corrcsion rate, howeter, from 30 to

Page 3
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160 boawa is 106 toils/yr. and the deviation of the poinst from this mana value hetween t6e limit.a

of 30 aad 160 hoses is I.4% This mean value of 106 toils/yr is in fair agreemenet with the cores

sion rate of 104 teds/yr found for thEis alloy previously (Cf. Ref. 4). Is the case of a linear cores-

Sion law, the average corrosion rate R is equal to the instantaneous corrosion rate t,; however,

in a powcr-fouirtiou lutw toe instantaneous rate is not equal to the average vorrosion rate, these

relationship. are shown as followve:

W i power-function law(3

K '. average corrosino rate()

-, K- t instantaneous eciessios rate 5

w -K 2t liaest law (6)

In the in-Itial stages of corrosion of the titaninni-89i manganese alloy the cormosion is

inathese data whiochtrnhol aed u tol atwo abourt s (25 the 30oo aratsing which time sair l iied tiere

opai ccmltdon the mlj etalsrfiacbytihe sinces the ateisdeleteiv e bymia diferce. onthe

acd laignisltionseitvy is thenaid aeraed btoweeul 0.4rndom O th is acuuationt of th ietly saltde
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may or may not influence the acid nawlysis,but,aince the vale-nce state of the titaninum in the acid

solution is not known precisely, cotcrciono to the acid analvyisi fo: nmtnr-aolt content riannot he

applied with ccrtaiowy.

IL Corrosion Ransa of $-m Titausto Alloys

The avring- consilov rates of several titanium alloys of coazzit~ial importance wh~ch

can hr obtained in aheet form tre shown in Table Ill and in Figures 4 through 8.

In geatral the corrosion raten of the-3e titanium alloys asn function of the NO2 sand 11.0
cocreotratio I cftu A are -Nrzbpesle to the behavior of the comazercially poetit ijuo and

the titaclua-8% macaepacs alloy. That is, :het corrosion rates increase with inraigNO2 coo-

centrationc -:n the range 0 t. 2.0% NO2, and the rorenoion ratcs ecreane w-th iacreaning H120 cc--

centrationa in ihe range 0 to M%.

Tle ignitionsenitivii) hehrvirc of the several alloya wall similar to the hehavior of the

aensitive after expoaure to anhydms FNA conatniLig 10 and 20% N0O2, although the ib .utend-

enciea wecre lower with coposnre to INA- containing the loirer concentration of NO-. TE, was

particularly trune of the AS5 end Ti 140A alloys. The 6 A1-4Y ad A IIOAT alloys weri nearly as
ignition sensitive an the C IIOM alloy atter exposure to 20% NO2 FN.A. Ile 6 At-4V and the

A bLOAT alloys exhibited slight ignition sensitivity in the anhydrous FNA without N0 2. None of

the alloys wanl sensitive to ignition reactions when aitoed in FWA of concentraciona of 0 to 20%

NO2 and I to 2% H120.

It is interesting to compare corrosion rtesc of the several alloys in anliysrooa FNA

(2D% NO2) hecanse it in in thir. solntion that th' largest rates are obtained. The highest rate is

that of the titanism.-8% mianganese alloy; however, the two alloys containing .ilacanuml (i.e.,

Ti 6 AI-4V and A 11oAT) exhibit relatively high cerrosion rote. in FNA of this composition.

Attention asoald he celled to the comparatively low corrosion rate of the chromium, iron, molyh.

demuim alloy Ti 140A in acid of this composition. Thiv alloy exhibits the lowest corerwa rates

of Any of tht alloys tested. Ile high corroioo rate of ýhe 6 Al-tV alloy in FNA containing no

NO. and "1.0 should also he noted; this rate of 1 mI pet year in the highest rate in acid of thia

composition found for voy of the clioyn.

The relatively high corrosion rates of the commlteraly pure alloy Ti lik~A are particularly

interesting when compared with the low corrosion rstes of the two other cumnuercially pnre allt.ya

ASS anod Ti 75A. Chemically the only difference hesusetn the AA5 Ti 75A alloys and the Ti IOOA

manterial in the higher iron coutent of ihe latter (Cf. Table I). Co.ipazisonl of the corrosion rates of

the Ti IOOA alloy with the Ti 140A alloy (Cf. Tahle Ill and Fig. 5 and 6) is impressive inasimuch

P.9, 5
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as the iron content of the Ti 140A alloy is 10 timoes that of the Ti 100A (Cf. Table 1), yet the

corrosion rates of the form~r awe coooiderably lower.

All of the alloya tested were susceptible to xzress corrosion cracking in anhydrous FNA

coataining 20% NO2 (Cf. Figs. 4 through 8). The two alloys containing aluminoom (Cf. Figs. 7
anl 8) and the Ti 75A awl C 110MI (Cf. Ref. 5) were susceptible to ateoas corrosion cracking in

anhydrona FNA with 10% NO2. Only the 6 AI-4V alloy (Cf. Fig. 7) and C 110k (Cf. Ref. 5)
ý.nterial were susceptihle to stress co~rosioo cracking in iýNA cootaining no NO2 or H120.

The at-eas corrosion cracks in zhe Ti 100A and the 6 A1-4V alloy originated in the

sheared edge* ana can be seen in the photograph of Figure 9. The complex nature of the atresa

corrosion cracking and the fact that the cracka prohably originated in the aheared edges in shown

in the photornicrographi of Fig-re 10.

C. Thity-~rDay Storage Teats of Soise Titsanium Alloys is Thermall- Stahle FHA at 30
0
C

Storage teats for 30 days at 30%C of seversl titanium alloys were condncted W~ ,[lab

oratory prepared FNA of a composition conforming to specification hlil-N-7254A Type 111' ontaininz

11% NO2 awld 2% H20. The results of these tests are shown in Tahle BV. It is interesting to note

that the Ti 6 A(-4V alloy had die highest corrosion rate wnder these conditions. According to the

criterion of Hlildehrandt (Cf. Ref. 6) all of these alloys wonld lie considered perfectly resistant to

corrosion. Hlildebrandt's terminology converted to mils per year is as follows.

Perfect Resistance i to 4 nwila/yr

Adequnte Resistance 4 to 12 toils/yr

Mloderate Resistance 12 to 40 toils/yr

Little Rtsistnn..e 40 to 80) toils/yr

Not Resistant 80 tois/yr

The question of importance, however, in whether or not these alloys sre susceptihle to

stress-corroaion cracking and ignition reactions after exposure to FNA of this composition.

Examination of :he duplicate samples unader 10 times magnification disclosed ne stress-

corrosion cracking around sheared edges or stamped-in identification numbhera. Prohing tests of

the samples after moistening with fresh acid renolted in no ignition reactions. It would he dreir.

ahle to conduct longer tert trots of some of these alloys in FNA of this composition to determine

whether there is sensitivity toward ignition reac~ion or susceptibility to stresn-correwoio craci ing

during longer term storage.

rage 6
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Dt. E4f*co of Polishing Titarrion Samplspien Argon Atmrospheres on Corrosion in Anhydrous FNA
(20% NO,)

Samples of comomercially pyre titanium and tle titaniom-8% manganese alloy were p-ores d

for F NA storage in an argon atmoophere ao order to prevent contact nf the frenhly prepared metal

nurface with tire oxygen and nitrog-in of the air. It is known that titanium reacts with hoth the oxygeo

aod nitrogen of the air. The reaction rate at room temperature with nitrogrn in slower than that for

oxygen, hoxeecr, there in a thin oxide film formed ono freshly cleaned titanium ssrfa~es at roomn tem-

perature (Cf. Ref. 7). In Tahle V the extent of corros.,e nf the titrarom samples thus prepared are

compared with the data ohtained vwith samples that bad hero sandhlasted in air. There is a signif-

icant increase in the corrosion of those samples that were polished in the in-rt atmosphere. Tlhe

extent of corrosion of samples that were pocished in air (Cf. Tahle V) as less than that of samnples

polished in the inert atmosphere, which is an -ndication of the prohahte foimotion of on oxide film

on the freshly polished surface which has hers exposed to air. This film scemes as aa temporary

hariere to extensive corrosion. The explanation foe the smaller percent increase in corrosionaot the

sandhlasted commercially pure titanium (Ti 75A) specimens over the inert atmosphere polished

sariples as complsedi %ith the titanium-Sfio manganese, alloys (C 110OM) is parallel r-vcli' -- is prot-

ahly due toi the fact that corrosion in the commuercially pare titaniumo is in the smali r. ndomly

located istergeanalar sites, while in the titan.srr-8% manganese alloy the corrosion .tack is

irtise on the larger beta-2,hxac meas containing the alloying elementino soliad solotuas (Cf. Ref. 5).

The rather large increase in corrosion of the strts,--relieved titanium--8% manganese alloy

samples that were polished in argon is prohahly doe to two fsctors. First, the relatively thicher

oxide !aoser formied daring the metal processing (i.e.. rollingi pickling) is absorhed at the stress-

relieving remperstor (475CC) (Cf. Ref. 7). As the heat-treatment wisa conducted is a vacauum, a

fairly thin la) e. is prohahly formned after exposure to the air. This thinner snide filr,' offers lens 'f

a harier to corrosisa than the one on the octal formied during processing, and therefore a higher

corrosion rate results for e itieacnauistress-relieved sad inert-gas-polished sample. Secondary

effects may also result From the fact Lhat streos-reliening posaihly redistrihutes the allaying element

(margasese in thic case) hy solid-state diffusion in the !iets phase ;o such a %a) that j more .niforni

alloy-telemet distrihutiso result..

IV. SUMMARY

The .:!sniur-8% mngaongese illoy corrosion-time curse ohtained at ambient temperature in

arth~deous Fý'A UN0 ',02) exhihits a trosnsit'on from power-functional behavior over the first 25 to

30 hours of storage tooa linear hehanior with constant corrcni~ rate 05cr a period starting at approx.

-mate
1
, 30 ho-r to 160 hours o~f storage.

Page 7
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Thity.day storage tests nero coopicted of several titanium alloys at 30-- in Type Mf1FNA (13% NO, and 2% 1120). TEO corrosion was negligible for all of the alloys tested. there wasno ignition sensitivity exhibited by asy of the smples, nor wo_ there coy soaceptzbzlity to stressCorrosion cracking. The highest .oeosios rote woo ooeroed f b" the T o A I-4V lloy, to sthe
;owest rates were found for the commnercially pare titanium (AS5, Ti 7SA) aod for the chromiocoiros, molybneou alloy T, 240A.

Samples of commereially purt titanion, and the alloy containing 8% manganeae werepolished in an inert atmosphere and stored in anhydrous FNA (20M NO2 ) for one week at ambienttemperature. The extent of coýos,o
0, of specimens thus prepared was 30 to 40% higher than thecorrosion of samples that had been sandblasted before storage. This hb. icr indicates that,although sandblasting no doubt removes the oxide film which resuhlts torioernal Metal proeessoIL9another, possibly thin•-e, ozide fibm form- on the freshly clean-d metal surface after only shcn-timi exposure to air at room temperatn.e.

V. WORK IN PROGRESS

Ele'.and-teiperature storage tests of ti•anium and titetnim alloys to FNA of variouscmposittous asing teplos'lted,seoled Pressure vessels is proceeding. This work will includestudies of ignition sensitivity, stress-corrosion cracking, and corrosion rates 4i the rmateotai.

Poge 8
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TABLE II

Corrosion of Vacuum-Stress-Relieved and Sandblasted Ti-.8% Mn Alloy

in Anhydrous FNA (20% NO2) at Ambient Temperature

Acid Decomposition
Tine Corrosor* RteCorrosion H

(hts) (oil) ___________ Wt %) (t %) -

1 0.043 377 20.52 ! 0.03' 0.06 ± 0.06'

2 0.056 244 20.74 ± 0.02 0.11 ± 0.08

4 0.093 203 20.67 ± 0.02 0.04 ± 0.03

16 0.21 116 20.71 ± 0.01 0.1O X

20 0.28 121 20.78 ± 0.03 0.14 ±C V

25 0.29 102 20.92 ± 0.01 0.26 + 0.10

30 0.35 101 21.04 ± 0.04 0.26 ±0.11

54 0.64 103

69 0.89 113 21.15 ± 0.05 0.86 ± 0.11

90 1.13 110 21.28 ± 0.02 0.43 0.05

120 1.51 110 21.58 ± 0.08 0.57 0 0.11

160 1.92 104

0 20.57 ± 0.01 0.07 ± 0.07

168c 20.08 ± 0.04 0.12 ± 0.09

^'me osaa deý arlc ot. o drrerounazlons.

I%: % H0 deteroroed by saIkrrcutg sof rt % H,%03 pI.s Wr % NO2 foo !00%.

'131.A1
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TABLE IV
30-Day Corrosion Tests at 30-C of Titanium Alloys in FNA

(13% NO2 and 2% 1!.0)

Corrosion
A lla y ( i s

A 55' 0.0038

Ti 75A' 0.0W

T. 75A' 0.0031

"ri 100A' 0.0052

C 110m, 0.0052
C olM .00'54

A 110AT" O.0078

"Ti 14)A* 0.0039

"Ti 6 AI-4V' 0.0164

'All "Ies. mc reied and

hSonple. •ncu= str- rehed azd stedbltsted.

Poeg 12
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TABLE V

Effect of Polishing in Argon Atmosphere on Corrosion of Titanium

in Anhydrous FHA (D NO,2)

Average Chong In

Alloy Corrosio Corsion Condition
(mils) (M'

ri 75A 0.116 +32c As reeeived and polished in Argon 2

Ti M5 0.088, As received and sandblatedI

Ti 75A 0.1061, +17e As received and polished in Air 3

C .34As received d adbisted la

C l1OM 0 .6 8 0 ' -69' A. received and pohshed in

C 11OM 1.88 +40' As received and polished in Argon 2.

C 11Md 2.78 +1074 Stres-rehieved and pohshed in Argon 4a

.Con W f-oo d" of Ref. 4.
bCo=pnied bm du" of Ref S

eCondit on I -ed on b".-

4Codtino Ifseed x o bx o.

IPpI
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Figure I
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Figure 2. Conosion of Vacuum-Stress-Relie- ed and Sand.

blasted Ti-8% %f. Alloy in Anhydrous FNA (20% NO)
at Ambient Tempejature
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Figure 4. Averoge Commono Rates
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Figure 9 Shrltred Edge of Titanium-.6'%Aoano-1 Vuando,u
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(20OZ N02) (Approx. 20X)
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